Abstract Nanocellulose is a lightweight material with strong mechanical strength, inexpensive production costs and safe handling compared to synthetic nanoparticles. Thanks to the high specific surface area, broad possibility of surface modification and high mechanical strength, nanocellulose has emerged as a new class of biobased adsorbent with promising potential application in environmental remediation. Many classes of pollutants could be adsorbed by nanocellulose, including heavy metals, dissolved organic pollutants, dyes, oil and undesired effluents.
Introduction
During the last decade, nanomaterials have emerged as potential adsorbents for environmental remediation and wastewater treatment and have aroused increasing attention to face the environmental issue (Ali 2012; Mahfoudhi and Boufi 2016) . As adsorbents, nanostructured materials offer higher adsorption capacities and better binding affinities than their counterparts at the macroscale. At the nanoscale, additional criteria emerge because of the small size, expansion of the specific surface and dominance of interfacial phenomena . In addition, the ability to tailor surface criteria via surface modification of the nanomaterial opens the way toward wider possibilities in environmental remediation (Savage and Diallo 2005) . A broad variety of nanoscale materials has been developed for environmental applications, including titanium dioxide (TiO 2 ) (Burda et al. 2003) , cerium oxide (CeO 2 ), zinc oxide (ZnO), iron oxide (Jiuhui 2008) , zero-valent metals (Lien et al. 2006) , carbon nanotubes and fullerenes (Gupta and Saleh 2013) .
Among the different water-treatment methods, adsorption is considered the most convenient process. It is also classified as a simple approach in terms of conception and operational use (Ali and Gupta 2007) . Adsorption is a surface process involving the accumulation of a gas or liquid on a solid phase called the adsorbent. This method is widely used for removing a multitude of chemical species from wastewater including heavy metal ions, pesticides, herbicides and dissolved organic pollutants. Adsorption is most commonly used for the removal of non-degradable organic compounds with low concentrations from drinking water or industrial effluents.
Generally, ideal materials for the adsorption of pollutants should meet several requirements: (1) be inexpensive, (2) have good mechanical and structural integrity to overcome water flow for a long time, (3) show high adsorption capacities with high rates, (4) have a large surface area and (5) possess a regeneration aptitude using cost-effective approaches. Examples of the most commonly used materials as potential adsorbents are depicted in Fig. 1 according to their classes.
Currently, most of the industrial adsorbents are in the form of porous macro-sized particles to increase the surface area and enhance the adsorption capacity. However, diffusion within the particles has limitations and can lead to a decrease in the adsorption capacity and rate. Moreover, adsorbents have to be easily separated from the effluent and should be easily regenerated with a minimum loss in the adsorption capacity. For this reason, most adsorbents have been used in the form of beads, fibers or films rolled up in a filtration column. This issue is even more amplified for nanosized adsorbents. Furthermore, for safety measures, nanomaterials should not be disposed of and must be cautiously handled.
Activated carbon and zeolites have been used as the most popular adsorbents for the removal of a myriad of pollutants from liquid effluents as well as air atmosphere. Activated carbon exists in different physical forms, including: (1) granular activated carbon, (2) powdered activated carbon, (3) activated carbon fibers and (4) activated carbon cloths. The most important characteristics of activated carbon are the pore size distribution, surface chemistry and mineral matter content.
Industrial wastewater often contains broad ranges of chemical pollutant species including heavy metal ions, such as Cr 6? , Pd 2? and Hg 2? , dyes, organic solvents, pesticides, herbicides and the like. When wastewater is not well treated before discharging, these contaminated chemical species may leak into the groundwater, generating harmful diseases (Babich et al. 1985) . Conventional water treatment methods such as bio-sand, precipitation (Kong and Polprasert 1995) , reverse osmosis, adsorptive filtration through ion exchange resins (Kang et al. 2004) , active alumina and iron oxide (Hu et al. 2008) can only remove certain heavy metal ions (Babel and Dacera 2006) . Despite the fact that adsorption-filtration is often the method of choice, chemical oxidation, membrane separation, liquid extraction, electrolytic treatment, electro-precipitation, electro-dialysis, electrochemical treatment, membrane technologies and adsorption on activated carbons have been applied for a long time to purify water (Chong et al. 2010 ). However, a major problem with these methods is the incomplete precipitation and the formation of large volumes of sludge that can be difficult to filter (Huisman et al. 2006; Fu and Wang 2011; Charerntanyarak 1999) . Another restriction of their applications is the high cost especially for activated carbons that suffer from material losses during regeneration (Yin et al. 2007 ). Nowadays, the use of biomass in water treatment and environmental remediation is attracting much interest (Bhatnagar and Sillanpä 2010; Boufi and Alila 2011) . Lignocellulosic materials are amazing raw materials offering wide availability, renewability, sustainability and the possibility of surface modification. However, untreated biomass is generally not functional, and the adsorption capacity varies depending on the biomass source. For instance, resorting to the small size confinement of the biobased adsorbents improved the usefulness of polysaccharides as a new generation of sustainable adsorbents. When the size is minimized to the nanoscale, the high specific area of the adsorbent contributes to enhancing the adsorption capacity. More specifically, the emergence of nanocelluloses as novel materials with a wide range of potential applications has propelled their applications as a new generation of biobased adsorbents. In addition, the possibility of applying surface modification to tailor the surface properties in terms of surface charge density, functionality, reactivity and processability expands the usefulness of the biobased adsorbents for a large family of pollutants. Compared to inorganic nanoparticles, the nanosized cellulose adsorbent exhibits many advantages, including sustainability, cost effectiveness, a high aspect ratio, high adsorbent capacity and the possibility for selective adsorption via appropriate surface functionalization. In addition, as it has been proved that nanocellulose can be classified as a non-toxic material (Vartiainen et al. 2011) , 100% biodegradable and having no side effects on the environment, the use of nanocellulose eliminates the safety concerns generally encountered for mineral and carbon nanoparticles (Bhatnagar et al. 2015) .
This review highlights the recent progress related to the application of nanocellulose as an adsorbent for water and environmental remediation, a field undergoing promising progress in terms of the high adsorption capacity and the regeneration potential of nanocellulose-based adsorbents. This study includes the attributes of nanocellulose as an adsorbent and the wide possibility for surface modification of this nanostructured material. Then, the utilization of untreated or modified nanocellulose as an adsorbent for inorganic and organic pollutants with a compilation of the relevant literature data was tackled. Lastly, the miscellaneous application of nanocellulose for dyes or CO 2 adsorption or as a flocculent for wastewater was discussed. A special highlight is paid on the key role of the surface functionalization of the nanocellulose fibrils to tune the physical properties of the pollutant to adsorb and enhance its adsorption capacity. This review is an updated version of our already published book chapter (Mahfoudhi and Boufi 2016) encompassing most of the current class of pollutants likely to be adsorbed along with the most relevant literature data dealing with the application of nanocellulose in the field of environmental remediation.
Nanocellulose materials
Cellulose, the most abundant biopolymer on earth, has become a subject of intense research and interests thanks to its wide possibility of usefulness in broad fields with traditional applications as a building material in the form of textiles, packaging and paper and chemicals through cellulose modification as well as energy through biorefining and recent innovative nanomaterials with the emergence of nanocelluloses.
The extraction of nanofibrils from cellulose fibers represents a challenging process to shift from celluloseto nanocellulose-based materials and has become a captivating topic in the last two decades (Kalia et al. 2014; Abdul Khalil et al. 2014) . Nanocelluloses combine important cellulose properties, such as hydrophilicity, a crystalline character, broad chemical modification capacity and high surface area (Zhang et al. 2013) .
Currently, cellulose nanocrystals (CNCs), cellulose nanofibrils (CNFs) and bacterial cellulose (BC) are the main families of nanocellulose, having differences in their production mode as well as their morphologies. CNCs are needle-shaped crystalline fibrils with 150-300 nm in length and 5-10 nm in diameter (Fig. 2) . They are mainly produced by controlled acid hydrolysis of bleached cellulose fibers to selectively dissolve amorphous domains and release cellulose crystallites. CNFs are composed of nanosized thin flexible fibrils, encompassing both crystalline and amorphous domains with 5-50 nm width and length within the micron scale. Their production involved mainly intensive mechanical disintegration to breakdown the fiber's cell walls releasing elementary cellulose nanofibrils. This can be done via high pressure homogenization, microfluidization or high-intensity mechanical grinding using a Masuko grinder (Kalia et al. 2014) .
Bacterial cellulose (BC) is made of cellulose nanofibrils obtained from certain types of bacteria via a bottom-up approach involving enzymatic polymerization of glucose (Gama et al. 2012) . BC is composed of nano-sized fibrils of around 20-50-nm diameter. BC is characterized by a high water-holding capacity and high degree of crystallinity (80-90%). Moreover, BC is pure and free from lignin and hemicellulose (Smrckova et al. 2012) .
Although wood constitutes the main resource for the cellulose fiber feedstock from which nanocellulose is produced, any cellulose resources such as annual plants, agricultural crop residue and even sea plants can be used as a starting material for production.
Merits of nanocellulose as an adsorbent
Biobased nanosized particles have been the subject of growing attention because of the attributes of these nanoparticles including a non-hazardous character, biodegradability and surface reactivity. Among these materials, nanocellulose is the most studied, and its production has reached the industrial scale. However, nanocelluloses have mainly been used as reinforcement for plastics and paper; the usefulness of nanocellulose in the environmental application as a new class of nanostructured adsorbent has recently aroused much attention. Table 1 highlights the major nanocellulose attributes contributing to promoting their use for adsorption applications.
Aerogels as practical adsorbents from nanocellulose
The unique properties that make nanoparticles desirable are a direct consequence of their suitable size manifested by an increased surface area. However, this property is also responsible for the strong tendency of nanoparticles to agglomerate in order to reduce their surface energy. This phenomenon is even more pronounced for nanocellulose where the surface hydroxyl groups of the cellulose fibrils promoted their self-aggregation through hydrogen bonding. Therefore, this led to a significant decrease in the high adsorption capacity inherent to their high specific surface. One way to alleviate this shortcoming consists of the use of nanocellulose in the form of a solid aerogel with different desired shapes. This form offers the advantage of ease of recovery of the adsorbent by simple filtration with the possibility of regeneration without any risk of aggregation. Aerogels refer to a new class of nanoscale mesoporous materials with an open structure having a high porosity (between 95 and 99%), low density and high surface area. Aerogel materials are prepared by replacing the liquid solvent within the gel by air without noticeably changing the network structure or the gel volume. However, the main challenge during the production of an aerogel is to remove the solvent or disperse the liquid without collapse or shrinkage of the network structure under the effect of the strong capillary forces, especially when solvents have high surface energy, such as water alcohol, for example. The most frequently used technique for the removal of solvent is supercritical drying. Nevertheless, from a practical point of view, this method is not cost effective and not practical for high-volume production. An alternative approach successfully used in the production of nanocellulose-based aerogels is freezedrying where the solvent is first frozen and then sublimated without turning into a liquid state. Compared to inorganic aerogels, nanocellulose aerogels have remarkable advantages:
• Nanocellulose-based aerogels are considered environmentally friendly since they are derived from renewable resources and their processing does not require any harmful solvents.
• Aerogels can reach specific surface areas from 60 up to 350 m 2 g -1 , obtained depending on the drying method adopted and the width of the cellulose fibrils used (Innerlohinger et al. 2006 ).
• Cellulose aerogels are highly flexible with good mechanical stability, unlike most of the brittle aerogels. They demonstrate ductile behavior and can be compressed to large strains exceeding 80%. Their compression strength is in the range of 100-300 kPa and modulus of 40-200 kPa depending on their density (Sehaqui et al. 2011; Pääkko et al. 2008) . These properties are the consequence of the long and thin width of the cellulose fibrils with micro-scale length and width in the range of 5-20 nm.
• The aerogel density and porosity depend on the initial nanocellulose concentration and can be theoretically predicted.
Eliminating the liquid solvent from the gel without deteriorating the existing nanoporous structure is among the major challenges in aerogel preparation. The aim is to avoid the subsequent dried gel shrinkage or cracking.
Supercritical drying of the aerogel
The supercritical drying process consists of exchanging the liquid within the gel pores by a supercritical fluid to avoid the presence of an intermediate vapor- ) can be estimated as follows: liquid transition as well as surface tensions in the gel pores. This would allow the gel to maintain its structure during the solvent elimination. The supercritical drying is applied to prepare cellulose aerogels from bacterial cellulose without significant alteration of their shape and dimension (Haimer et al. 2010) . These materials are hydrophilic and can be fully rewetted to 100% of their initial water content, without structure collapse due to the surface tension of the rewetting solvent. However, supercritical drying is an expensive technique, and there are safety concerns due to the high pressures employed to reach the critical points.
Freeze-drying
The freeze-drying technique is simple and represents an environmentally friendly route for the solvent removal in preparing nanocellulose-based aerogels. It consists of freezing the suspension and then sublimating the ice under low pressure. The capillary forces are avoided, and the structure is preserved to a large extent. This process has been widely used to produce aerogels from nanofibrillar cellulose (Hoepfner et al. 2008 ). The dried product will be the same size and shape as the original frozen material and will have excellent stability.
A covalent cross-linking between the native nanofibrils and a cross-linker can be used to make the aerogel very stable even in a harsh environment. These features are important for some applications, especially when the aerogel is in contact with water. Examples of chemical cross-linkers include isocyanate, carbodiimide and polyamide epichlorohydrin resin. Adopting this approach, ultralight and highly porous microspheres with a water uptake capacity reaching 100 g g -1 were prepared by Cai et al. (2014) as shown in Fig. 3 .
The possibility to tailor the density of the aerogels along with their wetting properties was made by vacuum freeze-drying of aqueous dispersions of CNF followed by surface modification with a silanating agent (Aulin et al. 2010) . CNF aerogels with a density ranging from 0.005 to 0.03 g cm -3 were obtained by controlling the solid content in CNFs from 0.5 to 3 wt%.
Room temperature drying
Although less used than freeze-drying, room temperature drying to convert nanocellulose into aerogel was also reported in recent publications (Svensson et al. 2013 ). The process is based on a multiple solvent exchange process to replace water by an organic solvent with low surface energy such as tert-butanol or pentane followed by drying at low pressure or room temperature. Following this approach, sponge-like aerogels from nanofibrillar cellulose were produced with a specific surface exceeding 100 m 2 g -1 . Table 2 summarizes the main advantages and drawbacks of each method used for the preparation of aerogel.
Nanocellulose-based adsorbents
Applications of nanocellulose in environmental remediation have recently aroused much attention with great potential for practical use as a new generation of nanostructured adsorbents from renewable resources. However, in nanocellulose-based adsorbents, the surface functionalization is a key step to promote the adsorption of a specific class of pollutant and enhance the adsorption capacity. This can be done through different strategies of surface modification involving the chemistry of the hydroxyl function (Sellergren and Hall 2012) . Illustration of the possible surface modification according to the pollutant class is given in Fig. 4 .
Nanocellulose in heavy metal adsorption
Despite the high specific surface area offered by nanocellulose, this condition was proved insufficient to ensure an efficient and high adsorption capacity for metal pollutants. This phenomenon is related on the one hand to the behavior of metal ions in aqueous solutions and on the other hand to the fact that adsorption of metal species is mainly driven by ion exchange and chemical complexation (Doan et al. 2008; Gupta et al. 2009 ).
Ion exchange and chemical complexation were the main two mechanisms evoked in heavy metal adsorption. In the ion exchange mechanism, the adsorbing metal ions take the place of other species already associated with the sorbent surface. The functional groups of the adsorbent surface in chemical complexation have particular site interactions with specific kinds of metal ions. In both ion exchange and chemical complexation mechanisms, the maximum adsorption capacity is limited by stoichiometry rules and cannot exceed half the content of surface ionic sites (Lawrance 2013). For this reason, surface modification is necessary to increase or introduce ionizable, ionic or complexing sites on the surface of the nanocellulose on which the metal is adsorbed (Hokkanen et al. 2013) . Carboxylic sulfate and amine are among the most prevalent groups generated to boost the adsorption capacity. These groups can be introduced either during the preparation of the nanocellulose or through surface modification of the nanofibrils.
Cellulose nanocrystal (CNC) adsorbents
Most works related to the usefulness of nanocellulose as an adsorbent for metal ions have been concerned with CNF, and only limited works have been reported on CNC. Kardam et al. prepared ions from 25 mg l -1 of metal solution (Kardam et al. 2014) . The sorption percentage of metal cations on d image of aerogel microspheres with a nanofibril concentration of 2.0% and a cross-linker ratio of 10:1 at higher magnification; e image of aerogel microspheres with a nanofibril concentration of 0.6% and a cross-linker ratio of 10:2; f low magnification image shows multiple cellulose nanofibril aerogel microspheres (Reproduced with permission from Cai et al. 2014) CNC gradually increases with the pH and remains constant at 6.5. Regeneration of the CNC adsorbent was successfully carried out with nitric acid.
CNC prepared via H 2 SO 4 hydrolysis was also tested for the adsorption of Ag ? , Cu 2? and Fe 3? , reaching an adsorption capacity of 56, 20 and 6.5 mg g -1 , respectively. Aiming to improve the adsorption capacity, the surface functionalization of CNC with phosphate groups significantly improved both the kinetics of adsorption and the adsorption capacity (Liu et al. 2015) . Compared to pristine CNC, the adsorption capacity of modified CNC attained 136, 117 and 115 mg g -1 for Ag ? , Cu 2? and Fe 3? , respectively. This was about two fold higher than the pristine CNC. The removal efficiency was favorable thanks to the specific surface area of these nanomaterials as well as the nature and density of functional groups on the nanocellulose surface.
In addition, Yu et al. (2013) studied the effect of modification of CNC with succinic anhydride on the adsorption properties of nanocellulose for Pb 2? and Cd 2? . The modified CNC exhibited a higher (Scherer and Smith 1995) Disruption in the pore structure Lower porous structure compared to freeze-drying Lower specific surface compared to freeze-drying Wet dimensions were the same as in the supercritical dried sample (Korhonen et al. 2011a, b) adsorption capacity of about tenfold more than unmodified CNC. Both mechanisms of ion exchange and complexation of the carboxylic acid with divalents were involved in the adsorption process with predominance of the former at pH over 7. The adsorbent was efficiently regenerated with a saturated NaCl solution with no loss of capacity after two recycles. Although CNCs have demonstrated interesting capabilities to adsorb a myriad of heavy metal ions, their potential use in real water treatment has not yet been tackled and is unlikely to be scaled. The main impediment is the strong tendency to aggregation of CNCs, namely in the presence of metal ions, and the necessity to redisperse the CNCs for reuse by calling on high energy-consuming devices such as ultrasonication. One possibility to alleviate this shortcoming is to freeze the network structure of CNCs in the form of a solid chemically modified aerogel to avoid disintegration once in contact with water. Another possibility is the immobilization of magnetic nanoparticles on CNCs to facilitate the recovery of the adsorbent after use.
Bacterial cellulose (BC) in heavy metal adsorption
Bacterial cellulose (BC) as an enzymatic synthesis of cellulose was also used as an adsorbent for metal ions after surface modifications. However, given the absence of a surface charge, a functionalization of the surface of the nanofibrils is commonly necessary to boost the adsorption capacity. An example of such modification is amination with diethylenetriamine to generate amine functions on the surface. The aminated BC was tested for the adsorption of Cu 2? and Pb 2? . The adsorption capacity was found to be 50 and 40 mg g -1 for Cu 2? and Pb 2? , respectively, at pH around 5 within 2 h ). The aminated BC was regenerated successfully by washing with acid solution or EDTA to strip off the adsorbed metal.
Carboxylation of cellulose nanofibrils was also reported as an approach to introduce binding sites on the surface of the nanofibrils. The Carboxymethylatedbacterial cellulose (CM-BC) was synthesized in situ with Acetobacter xylinum by adding water-soluble CMC to the culture medium ). The generation of carboxylic groups was shown to increase the adsorption capacity by more than twofold compared to non-modified bacterial cellulose, with an adsorption capacity of about 20 mg g -1 (copper) and 65 mg g -1 (lead) against 11 mg g -1 (copper) and 25 mg g -1 (lead) for BC. To further facilitate the recovery process in adsorption using nanosized cellulose fibrils, magnetic separation was also explored. Magnetic separation has gained much interest for water purification, namely when nanoparticles were used as adsorbents, by making the separation problems after adsorption easier (Ambashta and Sillanpää 2010) . To prepare magnetic nanocellulose, cellulose nanofibrils were used as a template on which the magnetic oxide nanoparticles were generated. Zhu et al. used , respectively. This hybrid adsorbent was used repeatedly after the elution of heavy metal ions. BC surface functionalization with aminated magnetite nanoparticles was also reported by Nata et al. (2011) via a one-pot solvothermal reaction of 1,6-hexanediamine, FeCl 3 -6H 2 O and bacterial cellulose pellicle in ethylene glycol at 200°C for 6 h. Nanocomposites showed a high removal capacity of As 5? with an adsorption capacity about 2.5-fold higher than iron oxide-based adsorbents and 1.2-fold higher than aminated nanofibers. Regeneration was done by an alkaline treatment.
Although bacterial cellulose proved to be a competitor adsorbent, BC is still expensive to produce, and its real application is now limited to biomedical and wound dressing applications (Huang et al. 2014 ).
Cellulose nanofibril (CNF) adsorbents for heavy metal ions
The usefulness of CNF as an adsorbent for heavy metal ions has gained interest and has been the subject of several interesting works. As it is the case for CNC, adsorption using CNF is believed to be mainly driven by ion exchange mechanisms, although specific adsorption interactions via coordination take part in specific cases. However, the possibility to shape CNFs in different forms such as membranes, aerogels, and porous beads makes CNFs more attractive. A promising material for heavy metal adsorption has three characteristics: (1) all of these forms are easier to handle than the CNF gel, (2) they can be used in continuous adsorption processes, and (3) it is possible to reuse the sorbent for multiple adsorption cycles after regeneration treatments.
A multitude of ionic or ionizable groups, such as COOH, SO 4 2-, and -R 3 N ? , have been generated on the surface of CNFs either prior to or following the fibril preparation phase. However, most of these groups were produced prior to the CNF production as a part of a chemical pretreatment process to facilitate the fibrillation process by generating repulsive forces between the microfibrils, which contributed to loosening the microfibril cohesion held by hydrogen bonding (Chaker and Boufi 2015) .
Introducing carboxylic groups as a chemical pretreatment to facilitate the fibrillation process has been widely used aiming to increase the yield in nanofibrillated material (Besbes et al. 2011) . Nevertheless, the maximum carboxyl content is generally limited to 1.5 mmol g -1 , which leads to a maximum uptake for divalent ions of about 0.8 mmol g -1 (Saito and Isogai 2004) .
The adsorption properties of carboxylated CNFs have been tested for a broad range of divalent metal ions such as Pb 2? , Cd 2? and Ni 2? (Sehaqui et al. 2014a, b) . Even UO 2 2? radioactive metal ions were shown to be efficiently adsorbed by cellulose nanofibers containing carboxylate groups (Ma et al. 2012) . Carboxylate groups on the nanofiber surface provide negative charges and can attract radioactive UO 2 2? . The coordination of the carboxylate groups with UO 2 2? led to a maximum adsorption capacity of 167 mg g -1 . This high value is about three times higher than that of typical adsorbents such as montmorillonite, modified silica particles, fibrous membranes, ion imprinted polymer particles and hydrogels. This high removal yield was explained by the very high surface charge density, high surface-to-volume ratio and hydrophilicity of ultrafine cellulose nanofibers. Removing radioactive metals from wastewater can then be a successful approach when using CNFs.
Oxidized nanofibers have showed a valuable adsorption capacity if compared to other various biobased sorbents. Results from the literature treating the example of copper adsorption showed that aspen wood fibers and herbaceous peat adsorb up to 5 mg g -1 (Huang et al. 2009; Gündogan et al. 2004; Al-Asheh and Duvnjak 1998) . Sawdust and sugar beet pulp, for example, could not even reach 2 mg g -1 (Yu et al. 2000; Reddad et al. 2002) . Oxidized nanofibers showed similar or lower copper adsorption capacity than mercerized CNFs modified with succinic anhydride (140 mg g -1 ) (Karnitz et al. 2007 ). The functionalization of CNFs with sequestering with high coordination capacities for metal ions is another alternative adopted to enhance the adsorption capacity of CNFs to metal ions. Different functionalization strategies have been reported in the literature.
For instance, CNFs modified with 3-aminopropyltriethoxysilane (APS) succeeded in adsorbing Ni 2? , Cu 2? and Cd 2? (Hokkanen et al. 2014b ). The adsorption of the latter ions was shown to be pH dependent. In acidic medium, a relatively high concentration of protons competed with cationic metal ions on free amine sites, thus decreasing the adsorption of metal ions. Besides, the protonation of amine groups led to a strong electrostatic repulsion toward the metal ions that reduced the possible adsorption via electrostatic interaction. The competition of protons with metal ions for the amine groups became less significant with pH increase. More amine groups remained in neutral form. The maximum adsorption capacities reached 4 mmol g -1 . The coordination of amino groups with divalent ions was ensured by ion exchange and complexation processes. The regeneration of APS/ CNF was accomplished by an alkaline treatment.
Succinic anhydride-modified mercerized nanocellulose was also found to effectively adsorb Zn 2? , Ni 2? , Cu 2? , Co 2? and Cd 2? from aqueous solutions. The adsorption was very fast for all the metals exceeding 50% of the maximum capacity within 5 min, and equilibrium was reached after to 1 h, depending on the metal. This was explained by the difference in the availability of the adsorption sites and the time that a metal takes to diffuse inside the pores of the cellulosic material to reach the hidden sites. The maximum adsorption capacities were about 1.3, 0.8, 2, 1.6 and 2 mmol g -1 for Co 2? , Ni 2? , Cu 2? , Zn 2? and Cd 2? , respectively. The adsorbent was regenerated by acid washing and a sonication treatment for at least 15 s to remove the adsorbed metal with effectiveness exceeding 90%.
Functionalization of cellulose nanofibrils and their electrospinning in the form of a membrane was shown to be an interesting approach for the practical use of cellulose nanofibrils as a regenerable adsorbent for metal ions. In this context, thiol-modified cellulose nanofibers were anchored by thermal cross-linking in an electrospun polyacrylonitrile (PAN) nanofibrous scaffold resulting in the formation of nanofibrous composite membranes containing fibers (Yang et al. 2014a, b) . The resulting composite membranes were used as ultrafiltration membranes for the adsorption of Cr 6? and Pb 2? . The membrane was regenerated up to three times without loss of the adsorption capacity by washing with EDTA solution to remove the adsorbed metal ions.
Succinic anhydride-modified cellulose nanofibers were used for the adsorption of cadmium and lead ions from model wastewater. The maximum adsorption was about 12 and 3 mmol g -1 for Pb 2? and Cd 2? , respectively, in comparison to 0.002 mmol g -1 for raw cellulose (Stephena et al. 2011 ). The modified nanofibers were regenerated by HNO 3 washing followed by repeatedly rinsing with distilled water until neutral pH.
Aiming to circumvent the ceiling adsorption capacity of ionized cellulose fibrils and to further enhance the adsorption capacity of cellulose nanofibrils by increasing the available ionic sites on which the metal can be bound, grafting polymers to nanocellulose seemed to further increase the adsorption yields. The example of poly (methacylic acid-co-maleic acid) grafted nanofibrillated cellulose prepared via Fenton's reagent initiation in water is a good proof (Maatar and Boufi 2015) (Fig. 5) . The grafted CNF, in the form of a highly porous aerogel, broadened the accessibility of the adsorbent and made possible the recovery of the adsorbent for multiple cycles (Fig. 6) . The aerogel, with a density in the range of 0.03-0.06 g cm -3 , exhibited a wide distribution in the pore size from about 50-500 lm. The maximum adsorption capacities of Pb 2? , Cd 2? , Zn 2? and Ni 2? were 165, 135, 138 and 117 mg g -1 , respectively. These results are about three times higher than that of pristine CNF. Here again, the adsorbent can be regenerated without any loss of the adsorption capacity by a simple washing treatment using EDTA as a desorbing solution. A similar strategy has been reported by Anirudhan et al. (2016) where poly(itaconic acid)-poly(methacrylic acid)-grafted-nanocellulose/nanobentonite composite [P(IA/MAA)-g-NC/NB] was synthesized by the crosslinking of NC/NB with IA followed by radical polymerization of MAA and cross-linking with ethylene glycol dimethacrylate [EGDMA] .
In a recent original work, hybrid cellulose nanofiber (CNF)/Prussian blue (PB) porous material was revealed to be an efficient adsorbent for radioactive cesium (Vipin et al. 2016) . CNF was used as a template to immobilize Prussian blue (PB) via the creation of CNFbackboned PB. The CNF-backboned PB (CNF/PB) was found to be highly tolerant of water and to effectively decontaminate radioactive cesium with an adsorption capacity amounting to 139 mg/g and a million order of magnitude distribution coefficient (K d ) for absorbing radioactive cesium ions. The new class of the ''chelatelike'' three-dimensional porous nanostructure was tested for real land restoration contaminated by radioactive cesium and is promising for the effective decontamination of waters and soil from radioactive cesium. Table 3 summarizes the different families of nanocellulose and their specific surface functionality groups. Each surface modification depends on a certain pH value, leading to various numbers of maximum adsorption values and taking different equilibrium contact times.
Environmental applications of nanocellulose

Organic pollutant adsorption
Only limited works have been concerned with the usefulness of CNF as an adsorbent of sparingly water soluble organic pollutants (Alila et al. 2013; Alila and Boufi 2009 ). The hydrophilic properties of CNF along with the presence of a high density of surface hydroxyl groups reduced the likelihood of adsorption of organic molecules on the surface of CNF. Accordingly, a surface modification was deemed necessary to promote the adsorption of organic molecules onto CNF by grafting an appropriate organic structure likely to promote the interaction with organic molecules through the van der Waals interaction. Examples of possible modifications were reported by Alila et al. (2013) , where it was shown that the grafting of linear aliphatic chains on the CNF surface strongly enhanced the adsorption of sparingly water soluble organic compounds, including solvents, pesticides and herbicides. Furthermore, in order to facilitate the recovery and the reuse of the cellulosebased adsorbent, CNFs were used in the form of an aerogel. The aerogel was prepared by freeze-drying the CNF gel followed by surface modification. The modification consisted of the activation of the surface cellulose hydroxyl groups with N,N 0 -carbonyldiimidazole (CDI) to form a highly reactive imidazole ester followed by a coupling reaction with hexadecylamine. The chemical modification was confirmed by solid NMR spectroscopy (Fig. 7) . This chemical modification was shown to strongly boost the adsorption capacity by more than ten times with respect to the unmodified nanocellulose (Table 4) .
The kinetics and adsorption isotherms of several aromatic compounds, including herbicides, were investigated. It was proposed that the adsorption process is the result of the diffusion of the organic solute inside the grafted hydrocarbon chains acting as a reservoir within which the organic compounds are accumulated. Another merit of the as-prepared nanocellulose adsorbent is the possibility of regeneration and reutilization of the adsorbent after washing with acetone or ethanol to strip-off the trapped molecules.
Cellulose nanofibers succeeded to trap various organic molecules such as 2-naphtol, nitrobenzene, xylene, bromobenzene, phenol and other herbicides -Cr 
( Table 4) . CNFs were shown to be efficient adsorbents for dissolved organic pollutants with adsorption capacities quite similar to those attained using common activated carbon adsorbents (Rashed 2013) .
Oil adsorption
Removal of oil from the wastewater has been among the major challenging issues relative to the environmental remediation. In fact, large amounts of industrial oils are annually released into aquatic ecosystems and contain hydrocarbons, lubricants, and non-emulsified and emulsified oils. As previously mentioned, the emerging cellulosebased aerogels have become a very promising candidate for wastewater treatment, reaching oil absorption applications. However, the hydrophilic property of nanocellulose resulting from its molecular structure is a property acting against cellulose's use as an oil absorbent (Jin et al. 2011) . A surface modification is (2011) needed to turn the CNF-based aerogel into a highly hydrophobic material likely to behave as a hydrophobic reservoir for oil and hydrocarbons. Using this approach, Zhang et al. ) prepared porous sponges by freeze-drying CNF-based aqueous suspensions containing methyltrimethoxysilane as a silylating agent. The silylated material, combining both hydrophobicity and oleophilicity, selectively removed dodecane with a maximum removal of 52 g g -1
. These CNF aerogels exhibited high absorption capacities toward various organic solvents reaching up to 102 g g -1
. In a similar strategy, Tarrés et al. (Tarrés et al. 2016 ) prepared hydrophobic CNF aerogel by freezedrying and treatment with alkyl ketene dimer (AKD) at 110°C for 10 min to promote the chemical grafting of AKD onto the surface of CNF via esterification. The AKDmodified CNF aerogel was used as a reusable oil absorbent with a huge absorption capacity exceeding 140 g/g.
Within this strategy, Feng et al. developed cellulose aerogel from paper wastes using a Kymene crosslinker to promote the gelation process instead of using an alkaline/urea reagent. The freeze-dried cellulose fibers were treated with methyltrimethoxysilane (MTMS) to change the aerogel to a hydrophobized material. The maximum oil absorption capacity was 95 g g -1 at 50°C with 0.25 wt% of cellulose aerogel. In addition, the sorption capacity depended on the viscosities of tested oil but was not affected by environmental pH (Feng et al. 2015) . Korhonen et al. described another strategy for the application of CNFs in oil absorption after generating a thin layer of TiO2 via the sol-gel approach. A superhydrophobic material with high oil and non-polar compound absorption capacity was formed (Korhonen et al. 2011a, b) .
Jiang and Hseih achieved even greater sorption capacities of model organic solvents ranging from 139 to 345 g g -1 by vapor depositing triethoxyl (octyl) silane onto CNF aerogels. The addition of the hydrophobic silanes to the CNF structure rendered the material oleophilic and water-repellant to remove oils that were spread on the surface of water or that were trapped below water (Jiang and Hsieh 2014) . 
Dye adsorption
Dyes represent a specific class of pollutants frequently used in textile industries and can be detected by the human eye. Their applications are also extended to other fields including tannery, pharmaceuticals, paper, paints, plastics and cosmetics.
Both cellulose nanofibers and cellulose nanocrystals were investigated in the adsorption of anionic and cationic dyes. Nanocellulose-based adsorbents were reported in their neat CNF or CNC form, in the form of aerogels or in the form of membranes. Each type of adsorbent form needed special regeneration processes. Besides, it was reported that almost all adsorption kinetics were rapid, and the equilibrium was attained within 1-2 min of contact time. For instance, CNF prepared from a kenaf core using an acidified-chlorite bleaching method and followed by disintegration using a high-speed blender was used to adsorb methylene blue cationic dye. The effects of time of disintegration and acid treatment on holocellulose defibrillation were investigated. The maximum adsorption capacity at 20°C and pH 9 was near 123 mg g -1 . One minute of contact time was sufficient to reach the equilibrium. CNF regeneration was processed in an acidic medium. This adsorbent was exhausted after six cycles of adsorption-desorption (Chan et al. 2015) . Compared to a similar study tackling the adsorption of MB, cellulose nanocrystals (CNCs) prepared from cellulose fibers via sulfuric acid hydrolysis were used as an adsorbent for the removal of methylene blue (MB) from aqueous solutions. Adsorption equilibrium data were fitted to both Langmuir and Freundlich isotherm models with a maximum adsorption capacity of 118 mg dye/g CNC at 25°C and pH 9. TEMPO-oxidized CNC had a more increased adsorption capacity of 769 mg dye/g CNC (Batmaz et al. 2014) .
Among the various strategies used in dye adsorption after a surface modification, we can cite the quaternization of CNF with chlorocholine chloride or glycidyltrimethylammonium chloride. Following this approach, nanopaper from quaternized CNFs was used as an adsorbent for dyes (Pei et al. 2013) . With a cationic content of 1.32 mmol g -1 , the adsorption capacity was near 0.664 g g -1 (0.95 mol kg -1 ) for Congo red and 0.683 g g -1 (1.10 mol kg -1 ) for acid green. The adsorption capacity was higher than for cationized cotton and sawdust, which could adsorb 0.288 of Congo red and 0.412 g g -1 of acid green. In another approach, nanocomposite membranes with chitosan matrices were mixed with CNCs followed by freeze-drying and then compression molding for use as practical adsorbents (Karim et al. 2014) . These ultrafiltration membranes with a pore diameter of 13-17 nm were capable of adsorbing almost 100% of Victoria blue, 90% of methyl violet and 80% of rhodamine 6G. Electrostatic interaction and hydrogen bonding were the two proposed mechanisms to confirm the membrane adsorption process. The high adsorption capacity was attributed to the freeze-drying process used, resulting in wellindividualized CNCs, which are bound together by chitosan chains and locked in a 3D network via crosslinking.
Sodium periodate-oxidized CNC modified by ethylenediamine was also shown to effectively remove acid red, light yellow K-4G and Congo red 4BS anionic dyes with an adsorption capacity reaching 135, 183 and 200 mg g -1 , respectively .
A general assessment leads us to say that nanocellulose-based adsorbents had proven enhancing adsorption capacities toward myriad anionic and cationic dyes, but the issue of up-scaling nanocellulose production to an industrial level may make this process more complicated and expensive. Another limitation of nanocellulose membranes that may present a problem is the high content (more than 4%) of incorporated nanocellulose, which sometimes causes a decrease in mechanical toughness.
Air contaminant adsorption
Due to rising levels of industrial gas emissions, advanced cost-effective technologies for CO 2 separation from mixtures of gases is of great importance.
Previously synthesized amine-based adsorbents employed mainly inorganic materials as supports for capturing CO 2 from the air. To promote the application of renewable materials, amine-modified CNF was tested for CO 2 capture from the air. The adsorbent made of CNFs modified with N-(2-aminoethyl)-3-amino-propyl-methyl-dimethoxy-silane was prepared by freeze-drying. The highest adsorption uptake was about 1.4 mmol g -1 after 12 h of contact time in the presence of 506 ppm CO 2 concentration in air at 25°C. The aerogel was shown to be reusable after desorption of trapped CO 2 . (Gebald et al. 2011) . However, the adsorption capacity is less than that attained by silica-based adsorbents, which reached 2.4 mmol CO 2 /g (PEI/silica, a polyethyleneiminemodified porous silica).
Modified nanofibrillar cellulose was also tested for the adsorption of H 2 S, an extremely poisonous gas that is not easy to remove. Nanostructured adsorbents based on microfibrillated cellulose modified by aminopropyltriethoxysilane (APS) and hydroxycarbonated apatite (HAP) were tested for this purpose (Hokkanen et al. 2014a ). H 2 S uptake was found to be 103.95 and 13.38 mg g -1 for APS/MFC and HAP/MFC, respectively. The experiments were performed in the presence of an initial concentration of 80 mg l -1 of H 2 S solution. This adsorption capacity is promising, namely for HAP/MFC, compared to conventional activated carbon or silica-alumina zeolite adsorbents. The maximum adsorption capacities were 2-70, 0.5-12, 14-153, 117-207 and 24-228 mg g -1 for activated carbons, montmorillonites, activated carbon catalyst, silica-aluminas and mixed zinc/cobalt hydroxides (Bashkova et al. 2007; Tagliabue et al. 2012; Mabayoje et al. 2013) .
Another approach dealing with odor elimination was reported by Keshavarzi et al. (2015) , using CNF composite films with a high content of zeolite adsorbents. The study showed that these nanocomposites had a high affinity toward volatile odors such as propanethiol and ethanethiol with a loading near 90 w/w%. Results confirmed that CNF-zeolite films could eliminate the volatile odors to very small concentrations, generally not detected by human's olfactory systems (Keshavarzi et al. 2015) . In the same context, simple freeze-drying of 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)-oxidized CNF in water/tert-butyl alcohol mixtures was conducted to prepare CNF aerogels as air filter components (Nemoto et al. 2015) .
Flocculant for wastewater effluents
Coagulation/flocculation is among the processes used to achieve solid-liquid separation because of its easy handling and relatively cheap cost. Coagulants generally destabilize the small colloids dispersed in wastewater. Flocculation is a process that follows coagulation in which the destabilized particles aggregate to form larger flocs, which are removed by sedimentation.
The usefulness of nanofibrillar cellulose as a flocculent for the treatment of municipal or industrial wastewater. Suopajärvi et al. reported that the dicarboxylic cellulose nanofibrils were able to flocculate municipal wastewater, providing a 40-80% turbidity reduction of an initial 156-175 NTU turbidity (Suopajärvi et al. 2013) .
Periodate and chlorite oxidized CNF as well as sulfonated CNF, as two types of anionic nanofibrillar cellulose, showed good performances in the coagulation-flocculation treatment of municipal wastewater using a ferric coagulant. Chemical modification with both dicarboxylic acid and sulfonated nanocelluloses led to a better performance of turbidity compared to the reference polymer. Nevertheless, the combined treatment resulted in a lower residual turbidity in the suspensions that had down settled (Wang et al. 2013) . The wastewater flocs produced with the nanocellulose flocculants were smaller and rounder than those produced with commercial reference polymers, but more stable under shear forces (Fig. 8) . The positively charged ferric species provided cationic patches on the surface of the suspended particles, promoting interflocculation with cellulose nanofibrils as illustrated in Fig. 8 .
Recently, carboxylated CNCs with 200-250 nm length were produced by one-step citric/hydrochloric acid (C6H8O7/HCl) hydrolysis of microcrystalline cellulose (MCC) and were used as efficient flocculants to kaolin suspensions with a turbidity removal of 99.5% at an initial kaolin dosage of 40 mg l -1 (Yu et al. 2016) . The enhanced flocculation performance of CNCs was dependent on the surface chemical groups. The flocculation efficiency was compared to commercial cationic polyacrylamide flocculants with high competitiveness. Table 5 summarizes the different families of nanocellulose and their specific surface functionality groups. Each surface modification depends on a certain pH value, leading to various amounts of maximum adsorption values and taking different equilibrium contact times. Here, we show that each surface modification group is favorable to a specific adsorbent (dyes, oil, CO 2 , H 2 S, viruses or organic pollutants).
Adsorbent regeneration
The regeneration process of exhausted nanocellulosebased adsorbents is an important parameter to determine the potential exploitation of these materials from an economic point of view. In nanocellulose-based adsorbents special attention needs to be paid to this issue given the higher cost involved in the production of nanocellulose and the chemical modification in comparison of conventional adsorbents. A simple method of regeneration without negative effects on the adsorption capacity will undoubtedly contribute to promoting the potential use of nanocellulose-based adsorbents in real water treatments. Depending on the adsorbed species, a multitude of methods have been proposed and tested for the regeneration of the adsorbent. Table 6 illustrates the frequently used techniques in the regeneration processes depending on the pollutant to be adsorbed. In most cases, it is an acidic or alkaline treatment for heavy metal ion and dye elimination, an organic solvent exchange when dealing with organic pollutants or water-oil separation, and a thermal regeneration in CO 2 or H 2 S adsorption.
Current challenges of using nanocellulose as an adsorbent material Nanocellulose holds great promise as a new class of biobased nanosized adsorbent for environmental remediation. However, before considering nanocellulose for real water treatment, many shortcomings need to be surmounted. Key challenges for future growth and integration of nanocellulose as a new class of sustainable adsorbent for water purification and environmental remediation are:
• Cost efficiency Nanocelluloses are still expensive to produce, and their scale-up for industrial production is still limited to the pilot unit. However, soon industrial production of cellulose nanofibrils is expected to be launched owing to the wide possibilities of application, especially in the paper-making industry. According to the Global Industry Analysts, the market for cellulose-based nanomaterials is expected to exceed a billion dollars by 2020 (www.market researchstore.com/report/nanocellulose-marketz53869), driven by expanding applications and the growing focus on green alternatives to petroleum in the manufacture of synthetic polymers and chemicals. Moreover, if we consider that the inexpensive adsorbents are generally effective in the removal of pollutants with limits at the milligram per liter level, then nanocellulose-based adsorbents, with an outstanding capacity for removing hazardous contaminants with levels on the order of microgram per liter, should be environmentally and economically beneficial. • Adsorbent recovery Nanocelluloses are nanosized fibrils and have a strong tendency to self-aggregate through hydrogen bonding, which reduces their available adsorption sites. One alternative to limit this problem is freezing the fibril network in the form of a solid aerogel, as highlighted in this review. Another merit of the nanocellulose-based aerogel is to facilitate the recovery of the adsorbent and its possible regeneration for multiple adsorption cycles. Other challenges to avoid are:
• Resistance to biological degradation Nanocelluloses are simply cellulose broken down to the nanoscale; as such, they are prone to biodegradation, especially for adsorbents that will be used for water treatment. The chemical modification of the surface of nanocellulose, which is often a prerequisite to boost the adsorption capacity, is expected to reduce and even to inhibit the biological degradation of nanocellulose. The presence of chemical functionality on the top layer of the Mabayoje et al. (2013) cellulose fibrils is likely to limit the accessibility of bacteria to the core of the cellulose backbone, preventing the proliferation of bacteria on the nanocellulose.
• Adsorption capacity This involves further enhancement of the adsorption capacity and expansion of the range of pollutant species to be absorbed through target chemical modification of the nanocellulose surface.
• Regeneration of the spent adsorbent Most of the work so far reported concerning the usefulness of nanocellulose as an adsorbent has emphasized the regenerability of the nanocellulose-based adsorbent. This issue should be considered when considering nanomaterial for adsorption application. This aspect is crucial as it controls the economy of the treatment technology.
• Multi-pollutant removal Contaminants in real water are typically very complicated, and various types of contaminants usually coexist. The coremoval of multiple types of coexisting pollutants might be possible if multiple adsorption sites are available on the adsorbent. However, so far no published work has tackled this aspect, and better control of the chemical modification strategies is needed to make possible the adsorption of chemical species differing by their structure.
Conclusion and future perspectives
In conclusion, we have reviewed recent developments in the application of nanocellulose materials as a new class of nanostructured adsorbent. Nanocellulose can be tailored by appropriate surface modifications aiming at the generation of new binding sites with enough surface distribution to enhance the adsorption of a specific class of pollutant. The usefulness of nanocellulose as an adsorbent in environmental remediation is a promising and exciting area of current and future research. The wide range of possibilities of surface functionalization through the chemistry of the hydroxyl group was shown to extend the possibility of adsorption of a large variety of species including heavy metal ions, dyes, pesticides, dissolved organic pollutants and oils. The high aspect ratio of cellulose nanofibrils along with their strong tendency to self-associate via hydrogen bonding led to the possibility of nanocellulose processing in the form of porous aerogels with enough mechanical strength to be used as an adsorbent filter. This dispensed with any issues related to recovering the material and making reuse of the nanostructured adsorbent for multiple adsorption cycles easier. Chemical modification improved the adsorption capacity by increasing the number of active binding sites and by forming new functional groups that favor the uptake of a specific class of compounds. Van der Waals or electrostatic interactions generally define the adsorption process, making the striping-off of the adsorbed molecules easier to implement and the regeneration of the adsorbent once exhausted. Although chemically modified nanocellulose was shown to enhance the adsorption capacities and promote the uptake of a large class of organic contaminants, the production cost, related to the chemicals used and the purification treatments, has to be taken into consideration to produce costeffective biobased adsorbents.
Although the effectiveness of nanocellulose as a new biobased adsorbent for a broad range of pollutants has been demonstrated through different works, more investigation is needed to further enhance the adsorption capacities and to study how the adsorption selectivity is affected in the presence of multiple species likely to be adsorbed. Furthermore, most of the adsorption studies were limited to batch-scale only, and few works have investigated the adsorption properties under dynamic conditions and more specifically for the treatment of industrial wastewater. The batch mode adsorption should be transferred to adsorption columns filled with nanocellulose in the form of a porous structure so that continuous filtration is considered in real water treatment. Additionally, more research is also needed to generate hybrid structures at nanoscales on the surface of the nanocellulose likely to interact with different species so that it is possible to develop composite adsorbents capable of adsorbing multiple chemical species at a time. Another issue related to the cost-effectiveness and availability of nanocellulose at the industrial level should be surmounted to promote the use of nanocellulose for real environmental remediation. Indeed, the energy consumption related to the production of CNF is still an issue hampering the scale-up production of CNF. However, progress has been accomplished in this field, and numerous pilot-scale productions are now available worldwide.
While nanocellulose has shown its effectiveness toward the adsorption of numerous contaminants, proving its ultimate success requires considering the environmental impact of modified nanocellulose. Researchers should elaborate and include stability experiments and analyses of any newly formed byproducts to determine their feasibility, cost and lifecycle.
